A thin dielectric resonator consisting of a dielectric substrate and the thin film deposited upon it is shown to suffice for microwave characterization and dielectric parameter measurement of high-permittivity thin films without electrodes. The TE 01␦ resonance mode was excited and measured in thin ͑down to 0.1 mm͒ rectangular-or disk-shaped low-loss dielectric substrates ͑D ϳ 10 mm͒ with permittivity Ј Ն 10 inserted into a cylindrical shielding cavity or rectangular waveguide. The in-plane dielectric permittivity and losses of alumina, DyScO 3 , SmScO 3 , and ͑LaAlO 3 ͒ 0.29 ͑SrAl 1/2 Ta 1/2 O 3 ͒ 0.71 ͑LSAT͒ substrates were measured from 10 to 18 GHz. The substrate thickness optimal for characterization of the overlying thin film was determined as a function of the substrate permittivity. The high sensitivity and efficiency of the method, i.e., of a thin dielectric resonator to the dielectric parameters of an overlying film, was demonstrated by characterizing ultrathin strained EuTiO 3 films. A 22 nm thick EuTiO 3 film grown on a ͑100͒ LSAT substrate and strained in biaxial compression by 0.9% exhibited an increase in microwave permittivity at low temperatures consistent with it being an incipient ferroelectric; no strain-induced ferroelectric phase transition was seen. In contrast, a 100 nm thick EuTiO 3 film grown on a ͑110͒ DyScO 3 substrate and strained in biaxial tension by 1% showed two peaks as a function of temperature in microwave permittivity and loss. These peaks correspond to a strain-induced ferroelectric phase transition near 250 K and to domain wall motion.
I. INTRODUCTION
Thin dielectric layers with high dielectric permittivity ͑Ј Ͼ 100͒ and low or moderate losses ͑tan ␦ Ͻ 0.1͒ belong to the basic elements of the microwave ͑MW͒ integrated circuits, multilayer heterostructures and metamaterials. Ferroelectric ͑FE͒ films deposited on a substrate provide practical realization of the mentioned structures and therefore meet widespread applications as on-chip capacitors, voltage tunable capacitors for frequency agile resonant filters and MW phase shifters for steerable antennas, etc. ͑see, for instance, Refs. 1 and 2͒. Modeling, simulation and design of MW devices need an exact value of the film Ј and tan ␦ obviously measured at MWs. MW dielectric properties of FE films are also important for better understanding of their polarization and losses mechanisms. Low-frequency dielectric properties are essentially influenced by defects and mesoscopic inhomogeneities of the crystal structure like domains and grains while the MW dielectric properties reflect mainly fundamental polarization mechanisms caused by crystal lattice dynamics.
2,3
So, MW characterization of thin FE films is an actual problem important for materials physics, research, development, and application. Unfortunately, electrode structures on the top of films, as well as the bottom electrode between the film and substrate influence the measured film parameters due to the change in properties of the near-electrode interfacial layers and to the imperfect conductivity of the electrodes. 4 To avoid the problem and receive the intrinsic dielectric properties of the film, one should look for the MW methods which can be realized without electrodes at the film surface. The extended cavity perturbation technique 5 was proposed for dielectric films deposited on low-permittivity ͑Ј =2÷4͒ dielectric substrates. Recently we reported application of the nonresonance waveguide method 6 and composite dielectric resonator ͑DR͒ ͑Ref. 7͒ for the electrode-free thin film measurements. The TE 01␦ composite DR ͑Ref. 7͒ easy includes the film on a substrate as a part of the resonance system and its parameters were shown to be sensitive to the thin film dielectric properties. Electric field in the film and substrate has only in-plane components and therefore influence of the film-substrate interface on dielectric properties is minimized. In this work we improve the composite DR method. Composite DR described in Ref. 7 consists of three components as follows: base DR, substrate, and film. The film volume fraction is very low and provides a small shift of the DR resonance frequency; only a few MHz ͑megahertz͒. To increase sensitivity of the composite DR to the film and simplify the DR structure, we propose to remove the base component and measure the thin DR which consists only of the substrate and thin film. This approach looks realistic at least for the low-loss substrates with Ј Ն 10, where the well dea͒ Electronic mail: bovtun@fzu.cz. fined dielectric resonance is assured. Accounting usual substrate diameter ͑D ϳ 10 mm͒ and thickness ͑L = 0.1÷ 1 mm͒, the thin DR is characterized by the ratio L / D = 0.01÷ 0.1 which is essentially lower then L / D = 0.3÷ 0.6 optimal for the TE 01␦ DR. 8 Can the TE 01␦ mode be excited in such a thin DR? Which substrate thickness is optimal for the thin films measurements? Can the method sensitivity be improved? In our study we answer these questions experimentally and demonstrate efficiency of the thin DR method for the MW characterization of thin FE films.
II. CHARACTERIZATION OF THIN LOW-LOSS DIELECTRIC SUBSTRATES
First, dielectric substrates were studied as thin DRs. Rectangular dense alumina ͑Al 2 O 3 , Ј = 9.5͒ substrates ͑side dimensions a = b =10 mm͒ with different thickness ͑from 0.3 to 1 mm͒ were prepared and combined to create DRs with thickness from 0.3 to 6 mm. These DRs were measured in the cylindrical shielding cavity using the transmission setup with a weak or moderate coupling 8, 9 by Agilent E8364B network analyzer. DRs ͑substrates͒ were placed on the quartz support at the coupling loop level ͓see the scheme in Fig.  1͑a͔͒ . Spectra of the transmission coefficient S 21 include beside DR resonances also cavity resonances and hybrid modes ͑Fig. 2͒. Nevertheless, the TE 01␦ mode was certainly identified by analysis of the continuous shift of the resonance frequency with the decrease of DR thickness ͑Fig. 3͒. Experimental resonance frequencies correspond well to those calculated for the TE 01␦ mode of the cylindrical alumina DRs with Ј = 9.5 and an effective diameter D = 10.82 mm using the electrodynamic analysis. 8, 9 The effective diameter D of our rectangular DRs was determined by the approximate formula as follows:
where a and b are side dimensions of the rectangular DR. In our case a = b = 10 mm. The formula ͑1͒ was derived by comparison of cylindrical and rectangular TE 01␦ DRs having equal thicknesses, resonance frequencies and transversal wave numbers. Simulation of the electromagnetic field distribution in our resonance system by the ANSOFT HFSS software 11 also proves the TE 01␦ type of the selected resonance mode ͓see Figs. 1͑b͒ and 1͑c͔͒. Single crystal rectangular ͑a = b =10 mm͒ or disk ͑D =10 mm͒ substrates ͑110͒ DyScO 3 , ͑110͒ SmScO 3 , ͑100͒ LSAT ͓i.e., ͑LaAlO 3 ͒ 0.29 ͑SrAl 1/2 Ta 1/2 O 3 ͒ 0.71 ͔ with an averaged in-plane permittivity Ј = 26.3, 25.1, 22.7, respectively, and a thickness from 0.1 to 0.8 mm were also measured ͑Fig. 3͒. In this way the very low geometric factors L / D = 0.01-0.02 were achieved.
We should note that numerical calculations based on the electrodynamic analysis, 8, 9 even if it was not initially intended for such thin DRs, work well down to L / D = 0.01 and could be used as a first approach for estimation of substrate dielectric parameters from the thin DR measurements. Even in the case of the approximate representation of rectangular DRs as the effective cylindrical ones by formula ͑1͒, obtained dielectric parameters coincide well with the nominal ones. It is demonstrated both by a good agreement of the experimental and calculated results in Fig. 3 and by the temperature dependences of dielectric permittivity, loss ͑Љ͒ and tan ␦ of some substrates ͑Fig. 4͒ measured in a Sigma System M18 temperature chamber ͑100-380 K͒. Also the structural phase transition in LSAT ͑Ref. 12͒ is clear evidenced by the small permittivity anomaly and dielectric loss maximum near 150 K. Similar values of dielectric parameters were obtained in the DyScO 3 substrates by thin DR and split-post DR ͑Ref. 9͒ techniques ͓Fig. 4͑a͔͒. So, very thin dielectric substrates, down to 0.1 mm in the case of Ј Ͼ 10, could be successfully measured using TE 01␦ DR. It is very important for the measurements of thin films deposited on the substrate; increase in the film/substrate thickness ratio results in the increase in the method sensitivity. It is even more important in the case of single crystal substrates which are mainly used to obtain FE films with a biaxial tensile or compressive mechanical strain. 13 The strain is relaxed in the case of thick films ͑above 100 nm thickness͒. Therefore, the very thin ͑20-100 nm͒ incipient FE films ͑SrTiO 3 , EuTiO 3 , etc.͒ are of interest.
14 Consequently, the thin substrate is preferable to ensure the method sensitivity.
The optimum substrate thickness should also provide the TE 01␦ resonance well separated from other ones, to avoid their influence on the measured values of resonance frequency ͑F R ͒ and quality factor ͑Q 0 ͒. According to both calculations and experiments, the TE 01␦ resonance separation can be easier achieved for the thin DR inserted in a rectangular waveguide where S 21 spectra are free from the cavity resonances and only separation from the nearest HE 11␦ resonance remains as a main problem. Usually, the TE 01␦ resonance frequency is the lowest one, but for thin DRs ͑L / D Ͻ 0.2 in Fig. 5͒ the HE 11␦ resonance frequency shifts below the TE 01␦ one ͑Fig. 5͒. The same behavior takes place also in the shielding cavity, only the resonance frequencies are somewhat lower. Identification of the TE 01␦ and HE 11␦ resonances for thin DRs allowed us to estimate of the optimum DR thickness for the sufficient TE 01␦ resonance separation accounting also the cavity resonances. This thickness depends on the substrate permittivity and cavity size and construction. For our shielding cavity, L = 0.65-0.85 mm is the optimum thickness for alumina ͑Fig. 2͒ or sapphire substrates ͑Ј =9-11͒ while L = 0.2-0.3 mm for single crystal substrates ͑Ј =22-27͒. The separation of the TE 01␦ resonance can be also achieved or improved by an adjustment of the cavity height or support size.
III. CHARACTERIZATION OF THIN HIGH-PERMITTIVITY FILMS
Being able to measure dielectric parameters of the thin substrate, we can determine dielectric parameters of the film in the way described for the composite DR in Ref. 7 but without any base component. We studied compressively and tensile biaxially strained EuTiO 3 films. Bulk EuTiO 3 is the incipient FE ͑Ref. 15͒ but it was theoretically proposed 16 and experimentally confirmed 17 that the strained EuTiO 3 thin films can exhibit the FE order. A 22 nm thick EuTiO 3 film grown on a ͑100͒ LSAT substrate and strained in biaxial compression by 0.9% was characterized in the following way. Two LSAT substrates identical in size ͑D =10 mm, L = 248 m͒ without and with deposited film were measured as TE 01␦ DRs in a shielding cavity which is more convenient for realization of temperature measurements comparatively to the waveguide setup. Temperature dependences of the TE 01␦ resonance frequencies and quality factors shown in Figs. 6͑a͒ and 6͑b͒ were used to calculate temperature dependences of the substrate permittivity ͑ sub Ј ͒ and loss ͑ sub Љ ͒, as well as of the effective permittivity ͑ eff Ј ͒ and loss ͑ eff Љ ͒ of the substrate-film composite DR ͓Figs. 6͑c͒ and 6͑d͔͒.
It is seen, that DR parameters ͑F R and Q 0 ͒ are sufficiently sensitive even to the very thin ͑22 nm͒ EuTiO 3 film. The F R shift resulting from replacing the free substrate by the substrate with a film is small ͑2÷5 MHz͒ but still well measurable. It changes with temperature, reflecting temperature dependence of the film permittivity. The change in Q 0 is also large enough ͑ϳ10% -40%͒ and temperature dependent. The changes in F R and Q 0 , caused by the 22 nm thick EuTiO 3 film, are similar to that of the composite DR with a Dielectric parameters of the film ͑ f Ј and f Љ͒ could be extracted from the eff Ј and eff Љ accounting for volume fractions of the film and for the fact that electric field is oriented in the plane of both the film and substrate. 7, 10, 18 If the film covers the full surface of the substrate ͑i.e., their effective diameters are equal͒, eff Ј and eff Љ can be defined as follows:
where L and L f are thickness of the substrate and film respectively. In our case L ӷ L f , so the dielectric parameters of the film can be extracted in a simple way
͑6͒
Temperature dependences of dielectric parameters of the EuTiO 3 film grown on LSAT substrate ͑extracted from the data presented in Figs. 6͑c͒ and 6͑d͒ are shown in Fig. 7 . An increase in the permittivity toward low temperatures and hint of its saturation below 120 K evidences incipient FE behavior of the compressively strained EuTiO 3 film on LSAT substrate. Second harmonic generation signal as well as infrared reflectance spectra also confirmed 17 that the 0.9% biaxial compressive strain is not sufficient for the induction of FE phase and the film remains incipient FE like in the bulk. The first principles calculations 16, 17 predicted that the compressive strain larger than 1.2% is necessary for induction of ferroelectricity while the LSAT substrate provides only the 0.9% strain. Moreover, the biaxial compressive strain can invoke FE polarization only out of the film plane, therefore permittivity should diverge also out of plane and no significant dielectric anomaly could be seen in the plane of the compressively strained film.
On other hand, first-principle calculations predict that already 0.8% biaxial tensile strain should induce ferroelectricity in EuTiO 3 film. 16, 17 In this case the FE polarization should be oriented in the film plane, so a dielectric anomaly should be seen in the in-plane dielectric response near the FE phase transition temperature T C . Therefore, we investigated a 100 nm thick EuTiO 3 film grown on a ͑110͒ DyScO 3 substrate ͑a = b =10 mm, L = 0.52 mm͒ and strained in biaxial tension by 1%. Temperature dependences of the film dielectric parameters ͑Fig. 8͒ were obtained from analysis of the TE 01␦ resonance mode at 12.15 GHz according to the procedure described above in details for the EuTiO 3 film on LSAT substrate. Observed dielectric anomalies reflect the well measurable changes of the DR resonance frequencies and quality factors and are reliable in spite of relatively high possible inaccuracy of the absolute values of dielectric parameters.
Pronounced permittivity and loss maxima at 250 K give an evidence of the strain induced FE phase transition with a polarization in the film plane. 17 Lowest-frequency polar phonon observed in far infrared reflectivity spectra reflectivity spectra 17 exhibits also anomalous softening near 250 K and its dielectric strength exhibits maximum at the same temperature. Just this FE soft mode is responsible for our observed dielectric anomalies near 250 K. Another pronounced dielectric anomaly is seen near 180 K in Fig. 8 . Phonon spectra in Ref. 17 reveal two newly activated phonons near the soft mode frequency, giving the evidence for an antiferrodistortive phase transition ͑i.e., doubling of unit cell due to a tilting and rotation of oxygen octahedra͒ near 180 K. However, the activation of new modes itself cannot explain the anomalous increase in permittivity near 180 K; dielectric contribution of the polar phonons does not account for this Ј͑T͒ maximum. 17 The distinct dielectric peaks near 180 K are probably caused by acoustic emission produced by moving FE and simultaneously ferroelastic domain walls. Such mechanism of the MW dielectric relaxation was proposed by Arlt and Pertsev. 19, 20 On the other hand, if this acoustic emission is influenced by the antiferrodistortive phase transition, the dielectric peaks could be related to the transition temperature.
Successful characterization of the ultrathin ͑22 and 100 nm͒ EuTiO 3 films with significantly different dielectric properties evidences efficiency of the thin DR method. Application of the method to the film with permittivity from f Ј = 100 to f Ј= 4000 was demonstrated. The monotonic temperature dependence ͑Fig. 7͒, as well as distinct anomalies ͑Fig. 8͒ of the film dielectric parameters can be revealed. Sensitivity of the method to the value of the film permittivity was estimated using the ANSOFT HFSS software 11 for different film thicknesses. In the case of a thin substrate, change of the DR resonance frequency caused by the film permittivity increase from f Ј= 100 to f Ј= 600 reaches tens or even hundreds of MHz for the 100÷ 1000 nm thick films ͑Fig. 9͒. High sensitivity to the film dielectric parameters proves that the thin DR method is a promising new tool for MW characterization of the high-permittivity thin films. The method requires no electrode deposition; the setup and measurement procedure is quite simple and traditional for MW materials. The main requirement is a precise geometry of the substrates, identical thickness, and diameter of the substrates with and without film.
IV. CONCLUSIONS
A thin DR consisting of the dielectric substrate and thin film deposited upon it is proposed to be used for MW characterization and dielectric parameters measurement of the high-permittivity thin films without electrodes. The TE 01␦ resonance mode was excited and identified in thin ͑down to 0.1 mm͒ rectangular-or disk-shaped low-loss dielectric substrates ͑D ϳ 10 mm͒ with permittivity Ј Ն 10 inserted into the cylindrical shielding cavity or rectangular waveguide. The in-plane dielectric permittivity and losses of alumina, DyScO 3 , SmScO 3 , and LSAT substrates were measured at 10÷ 18 GHz. The substrate thickness optimal for the deposited thin film characterization varies from 0.65-0.85 mm for alumina or sapphire substrates to 0.2-0.3 mm for DyScO 3 substrates depending on the substrate permittivity. Efficiency of the method and high sensitivity of the thin DR to the film parameters was demonstrated by characterizing ultrathin strained EuTiO 3 films. A 22 nm thick EuTiO 3 film grown on a ͑100͒ LSAT substrate and strained in biaxial compression by 0.9% exhibited an increase in MW permittivity at low temperatures consistent with it being an incipient FE; no strain-induced FE phase transition was seen above 100 K. In contrast, a 100 nm thick EuTiO 3 film grown on a ͑110͒ DyScO 3 substrate and strained in biaxial tension by 1% showed two peaks as a function of temperature in MW permittivity and loss. These peaks correspond to a straininduced FE phase transition near 250 K and to the FE/ ferroelastic domain wall motion near the antiferrodistortive phase transition temperature 180 K. The above mentioned results prove high capability of the thin DR method in MW dielectric investigation of the electrode-free ultrathin highpermittivity films. 9 . ͑Color online͒ Calculated shift of the TE 01␦ resonance frequency of rectangular ͑110͒ DyScO 3 substrates ͑a = b =10 mm, L = 0.1 mm͒ with a 1000 nm ͑solid line͒ and 100 nm ͑dashed line͒ thick films in the shielding cavity comparatively to that of the substrate without film dependent on the film permittivity.
